, 1997). This interaction Sensory-driven, activity-dependent mechanisms have is disrupted if a channel contains any GluR2 subunits. been implicated in a number of neuronal processes
In addition, PAs also reduce current flow at negative ranging from synaptogenesis and circuit formation durresting potentials, significantly attenuating the AMPARing development to models of information storage in the mediated synaptic responses recorded at potentials as adult brain (Cline, 2001 ; Constantine-Paton and Cline, low as Ϫ40 mV (Bowie and Mayer, 1995) . Because PA 1998). In particular, the importance of the long-term efblock of Ca 2ϩ -permeable AMPA receptors is voltage defects of patterned activity in establishing neural circuits pendent, the effect of PA on current flow is significantly during development has been extensively described for less at potentials of Ϫ60 mV. Therefore, PA-mediated several sensory systems, such as the visual system decreases in Ca 2ϩ -permeable AMPAR conductance can (Crair, 1999; Katz and Shatz, 1996; Knudsen, 1999) and be quantified by measuring the degree of inward rectifithe somatosensory system (Fox et al., 2000) . Many studcation (i.e., a decrease in outward current recorded at ies in these systems have demonstrated the importance depolarizing potentials relative to inward current reof neural activity by studying the effects of several days corded at hyperpolarizing potentials). Thus, inward recof sensory deprivation during a period in development tification has been widely used as an index of the PA (Fox, 1992; Wiesel and Hubel, 1965 -permeable AMPAR function by gating the total amount of current flow through these channels. Endogenous PAs-putrescine, spermidine, and sperm-ine-are present in almost all cells and have important roles in regulating cell division and protein synthesis (Tabor and Tabor, 1984) . Interestingly, the PA synthesis pathway in neurons is tightly controlled by a series of enzymes that are regulated by activity such as electroconvulsive shock and seizure (Hayashi et al., 1993 ; Najm et al., 1992; Zawia and Bondy, 1990). It is not known, however, whether PA synthesis can be regulated by more physiological types of stimuli, such as visual stimulation of the intact animal, and play a role in regulating synaptic transmission in healthy neurons. Here we examine the hypothesis that a short period of visual stimulation alters PA synthesis in developing Xenopus optic tectal neurons and that this, in turn, modulates synaptic transmission via Ca 2ϩ -permeable AMPARs. This would provide a novel, activity-dependent mechanism for regulating synaptic transmission that could affect the development of retino-tectal connections.
Results

Characterization of AMPA Receptors in Xenopus Optic Tectum
In the optic tectum, cells are generated in a caudomedial proliferative zone, resulting in a developmental gradient in which immature neurons are located in the caudo-medial tectum and relatively more mature neurons are found more rostro-laterally ( produce strong Co 2ϩ labeling in the optic tectum ( Figure  1A) , and individual cell bodies as well as some primary dendrites could easily be distinguished ( Figure 1B) . The reduced the staining so that no individual cell bodies could be resolved. This shows that the Co 2ϩ is indeed intensity of Co 2ϩ labeling showed a caudal to rostral gradient, with most intense staining in the immature entering through AMPARs ( Figure 1C ). Blockade of NMDA receptors with 100 M DL-APV applied during neurons close to the proliferative zone in the caudomedial part of the tectum. Cells in the rostro-lateral tecthe incubation produced no effect on the staining, again supporting the idea that Co 2ϩ is entering through AMPA tum, which are more mature, have decreased staining intensity ( Figures 1A and 1B) . Staining was absent from and not NMDA receptors ( Figure 1D ). Treatment with uptake buffer without kainic acid did not result in any the proliferative zone, which has no AMPAR-containing synapses and is located at the caudo-medial edge of Co 2ϩ uptake (data not shown). A whole-brain preparation was used to characterize the tectum ( Figure 1A ) Figure 2C , the I-V curve is linear at very negative membrane potentials (Ϫ60 mV to Ϫ80 mV) and then becomes inwardly rectifying closer to and above 0 mV. To quantify the amount of inward rectification in the AMPAR-mediated responses, we calculated a rectification index (RI) as described by Kamboj et al. (1995) . The amplitudes of EPSCs collected at ϩ40 mV were normalized to amplitudes of EPSCs collected at Ϫ60 mV (see Experimental Procedures). Based on the I-V plot shown in Figure 2C , this index provides a good measure of rectification by comparing strongly blocked AMPAR-mediated synaptic responses (ϩ40 mV) to unblocked responses (Ϫ60 mV) (Kamboj et al. 1995) . If RI ϭ 1, the response has a linear I-V, and if RI Ͻ 1, then the response is inwardly rectifying. An RI of 0 means that there is no outward current.
To further test for the presence of Ca
2ϩ
-permeable AMPARs, we perfused in Joro spider toxin (JST; 500 nM), a specific blocker of this type of AMPAR. On average, JST reduced the response amplitude to 46% Ϯ 8% whether PA synthesis can be regulated by physiological This suggests that free intracellular PA levels are not levels of neuronal activity. We tested the hypothesis that normally saturated and that changing their concentravisual system activity in the intact animal could modulate tion can modulate AMPAR-mediated EPSCs. It is interthe activity of inwardly rectifying AMPARs at retino-tecesting to note that with intracellular spermine, we still tal synapses via an activity-dependent regulation of insaw a wide range of inward rectification values that are tracellular PA levels. We exposed freely swimming tadconsistent with the observed variability in the subunit poles for 4-5 hr to a simulated motion stimulus in a composition of AMPARs. specially designed chamber (see Experimental ProceThe lower inward rectification observed in neurons dures). This stimulation paradigm was sufficient to recorded under control conditions is not due to washcause changes in the growth rate of tectal cell dendrites, out of intracellular PAs during the whole-cell recording.
and this change was dependent on activation of glutaFor one, perforated-patch recordings using Amphoterimatergic synapses (W. Figure 3C ). Cells were held plots from the visually stimulated animals show relafor 10 min after the perforated patch was broken, and tively less outward current than do the ones from the no increase in RI was seen during this period (RI ϭ control cell ( Figure 4A ). Additionally, notice how the re-0.59 Ϯ 0.08). Finally, data were typically collected within sponse is also suppressed at Ϫ40 and Ϫ20 mV in relation the first few minutes after achieving whole-cell configuto Ϫ60 mV. This is consistent with voltage-dependent ration in order to ensure no washout occurred during block of Ca 2ϩ -permeable AMPA receptors by PAs. This the recording session. Together, these data indicate that difference was similar to that observed in the recordings free intracellular PA levels are not altered by the wholewith intracellular spermine when compared with control cell recording configuration used in these experiments. recordings ( Figure 3A ) and is consistent with an activityThis may be due in part to the small pipette tip size used dependent increase in PA synthesis that is driven by for our recordings (8-12 M⍀) or to an actual compartvisual stimulation. mentalization of intracellular PAs.
An interesting aspect of these data stems from the observation in Figure 1 that Figure 1) , and therefore, changes in PA levels are expected to have a smaller effect on the total RI. Additionally, this difference between caudal and rostral cells could be due to near saturating amounts of PAs in rostral cells. The data suggest that visual stimulation as well as modulation of intracellular PA levels is a prominent means of regulating AMPAR-mediated retino-tectal synaptic currents in immature neurons. As a consequence of this observation, we performed all further recordings in neurons from the caudal tectum and compared the data to control cells from the caudal tectum.
The change in RI values in caudal cells following visual stimulation is consistent with two possible phenomena. One is the regulation of PA synthesis by activity, and the other is an activity-induced change in AMPAR subunit composition. If visual stimulation causes an increase in intracellular PA levels and therefore increases inward rectification of AMPAR-mediated responses, then this effect should occlude changes observed by recording with elevated spermine in the intracellular pipette solution. If the change in inward rectification were due to another mechanism, like a change in AMPAR subunit composition, then we would expect it to be additive to the effect of elevated intracellular spermine. Indeed, recording with spermine in the patch pipette did not further increase inward rectification of AMPAR responses from visually stimulated tadpoles (visual stimu- neurons, using a paired-pulse protocol. We took advanrespectively, p ϭ 0.21; Figures 7B and 7C, left panels) . This suggests that under baseline conditions, endogetage of the fact that the PA block is stronger at more depolarized membrane potentials than at hyperpolarnous PA levels are too low to facilitate synaptic responses. However, in neurons recorded with added inized membrane potentials (Rozov et al., 1998). Therefore, an initial synaptic stimulus would facilitate a sectracellular spermine, the priming EPSC significantly increased the Ϫ20/Ϫ60 mV ratio (0.37 Ϯ 0.04 versus ond EPSC recorded at Ϫ20 mV relatively more than it would facilitate one recorded at Ϫ60 mV. This facilitation 0.47 Ϯ 0.02, p ϭ 0.02; Figures 7B and 7C , middle panels), reflecting an increase in postsynaptic PA-dependent facan be quantified by calculating a ratio of EPSC amplitudes recorded at Ϫ20 mV and Ϫ60 mV. Importantly, cilitation of synaptic responses. Furthermore, neurons from visually stimulated animals show a significant inthis ratio would be independent of any presynaptic facilitation that could be occurring, since presynaptic effects crease in facilitation (0.36 Ϯ 0.05 versus 0.54 Ϯ 0.04, p ϭ 0.01; Figures 7B and 7C, right panels) . This indicates would affect the EPSCs at both holding potentials equally. Moreover the higher the PA concentration in that activity-dependent relief from PA block of AMPARmediated responses can be modulated by visual activity the cell, the more facilitation we would see at Ϫ20 mV relative to Ϫ60 mV. via the regulation of the free intracellular PA concentration. AMPAR-mediated EPSCs were collected at Ϫ20 and Ϫ60 mV, and the Ϫ20/Ϫ60 mV ratio was calculated One prediction from this observation is that, even at hyperpolarized membrane potentials, AMPAR-medifor the EPSC amplitudes. This ratio was compared to the ratio calculated from responses in which PA block ated responses should be reduced when PA levels are elevated. We therefore recorded miniature EPSCs was relieved by a priming EPSC given 85 ms before the test stimulus. (see Figure 7A ). In the inset in Figure 7A . Tadpoles were put washed in plain uptake buffer for 10 min. Finally, brains were fixed in 4% paraformaldehyde overnight at 4ЊC. For sectioning, brains in 12-well plates with about 3 ml of rearing solution per well and were allowed to swim freely during the 4-to 5-hour-long stimulation were cryoprotected in 30% sucrose for at least 2 hr, and then horizontal, 30 m-thick cryostat sections were made. These were period. Brains were prepared for electrophysiology immediately after the visual stimulation and were kept for recording for a maximounted on glass slides, and a silver nitrate developing solution (7 parts 0.1 M AgNO 3 , 20 parts 2% hydroquinone and 5% citric acid, mum of 4 hr. In other systems, PA synthesis remains high for several hours after a strong stimulus (Zawia and Bondy, 1990 ). Control 100 parts 20% gum arabic) was used for 40 min in the dark to enhance staining. Slides were then washed with distilled water and animals were kept in ambient light conditions. The initial recordings from visually stimulated animals were performed blind to the experivisualized using conventional light microscopy. For control experiments, 30 M NBQX or 100 M DL-APV were added to the loading mental manipulation. While the change in dendritic growth rate induced by visual stimulation described by W. 
